Two new small molecules, namely DRSBDTT-EH and DRSBDTT-BO, with alkylthio thienyl substituted benzodithiophene as the central unit and 3-ethylrhodanine as end groups, were designed and studied as the donors for solution processed organic solar cells. The optimized device based on DRSBDTT-EH bearing shorter alkylthio chain gave a power conversion efficiency (PCE) of 8.78%, which is slightly higher than that of device (8.53%) based on DRSBDTT-BO with longer alkylthio chain.
Introduction
The solution-processed bulk heterojunction organic photovoltaic cells (OPVs), one of the most promising candidate alternatives to inorganic solar cells, have been well developed in the past decades, due to the promising advantages such as low cost, lightweight, flexiblity and etc [1e4] . With the unremitting efforts, the power conversion efficiencies (PCEs) of solution processed polymer and fullerence derivatives based OPVs (P-OPVs) have been improved up to 10% for single-junction solar cells [5e10] , and the non-fullerene acceptor based OPVs also achieved great progress [11, 12] , such as the PDI and NDI-based n-type polymers [13e17] . Small-molecule based OPVs (SM-OPVs) [18e20], started at a later stage in OPV research, show some unique advantages, including well-defined structure and thus less batch-to-batch variation, versatile chemical structures and thus easier energy level control, etc [21e23] . SM-OPVs have established a milestone PCE over 10% in our most recent effort [24] , demonstrating a successful example of molecular design in optimizing desired properties in organic functional materials.
Benzo[1,2-b:4,5-b 0 ]dithiophene (BDT) units and the alkylthienyl substituted BDT (BDTT) units have been widely used to construct highly efficient photovoltaic polymers and small molecules [25e27] . For example, the polymer PTB7 and PTB7-Th, constructed from BDT and TT unit, have achieved over 10% PCE [28e33] . In SMOPVs, we have designed a series of high performance small molecule donor materials incorporating BDT and BDTT unit [34, 35] . In decorating BDT and BDTT units, alkylthio side chains have been introduced and the resulting organic semiconductors exhibit unique optoelectronic properties and better ordered molecular packing [36e38] . In our recent effort in introducing alkylthio side chain to BDT unit, we recently have reported DR3TSBDT and achieved PCE of 9.95% [39] .
In this work, we have developed two new small molecules (Scheme 1), namely DRSBDTT-EH and DRSBDTT-BO, of using alkylthiol flexible side chain to function BDTT based thiopheneconjugated small molecules [40] . DRSBDTT-EH with 2-ethylhexylthio as side chain has relatively low solubility in common organic solvent such as chloroform (CF) and chlorobenzene at room temperature. The CF blend solution of DRSBDTT-EH and PCBM needs to be heated at 50 C for 0.5 h before spin-coating during device fabrication. In order to ensure sufficient solubility for efficient device fabrication, another small molecule DRSBDTT-BO, increasing the side chain length of the BDTT core of DRSBDTT-EH for better solubility was designed. Through device optimization, the two molecules all showed PCEs of over 8% when used as the donors in the devices with P 71 CBM as the acceptor.
Experimental section

Materials and synthesis
All reactions and manipulations were carried out under argon atmosphere with the use of standard Schlenk tube techniques. All starting materials were used as purchased from commercial sources unless stated otherwise. Toluene was distilled from sodium and benzophenone under an Ar atmosphere. CHCl 3 was dried over anhydrous Na 2 SO 4 . Compounds 1 and 2 were synthesized according to the literature [41, 42] 
(Scheme 2).
Compound 3a: A solution of compound 1a (2.44 g, 2 mmol), and compound 2 (2.43 g, 4.2 mmol) in dry toluene was degassed twice followed by the addition of Pd(PPh 3 ) 4 (0.12 g, 0.1 mmol) under the protection of argon. After stirring and refluxing for 24 h, the mixture was extracted with CH 2 Cl 2 (50 ml Â 3). The organic layer was washed with water and dried with anhydrous Na 2 SO 4 for 3 h. After the removal of solvent, the crude product was purified by silica gel using the mixture of dichloromethane and petroleum (2:1) as eluent to afford compound 3a as a red solid (2.00 g, 61% (40 ml) solution, and then three drops of piperidine was added to the mixture under the protection of argon. After stirring and refluxing for 12 h, the mixture was extracted with CHCl 3 (50 ml Â 3), and the organic layer was washed with water and dried over anhydrous Na 2 SO 4 for 3 h. After removal of solvent, the crude product was purified by silica gel using chloroform as eluent and then recrystallized from CHCl 3 to afford DRSBDTT-EH as a black solid (0.25 g, 65% Compound 3b: A solution of compound 1b (2.67 g, 2 mmol), and compound 2 (2.46 g, 4.2 mmol) in dry toluene was degassed twice followed by the addition of Pd(PPh 3 ) 4 (0.12 g, 0.1 mmol) under the protection of argon. After stirring and refluxing for 24 h, the mixture was extracted with CH 2 Cl 2 (50 ml Â 3). The organic layer was washed with water and dried with anhydrous Na 2 SO 4 for 3 h. After the removal of solvent, the crude product was purified by silica gel using the mixture of dichloromethane and petroleum (2:1) as eluent to afford compound 3b as a red solid (1.80 g, 51% 2 mmol) and 3-ethyl rhodanine (0.32 g, 2 mmol) was dissolved in a dry CHCl 3 (40 mL) solution, and then three drops of piperidine was added to the mixture under the protection of argon. After stirring and refluxing for 12 h, the mixture was extracted with CHCl 3 (50 ml Â 3), and the organic layer was washed with water and dried over anhydrous Na 2 SO 4 for 3 h. After removal of solvent, the crude product was purified by silica gel using chloroform as eluent and then recrystallized from CHCl 3 to afford DRSBDTT-BO as a black solid (0.25 g, 65% 
Measurements and instruments
The 1 H and 13 C NMR spectra were recorded on a Bruker AV400
Spectrometer. Matrix assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF) were performed on a Bruker Autoflex III LRF200-CID instrument. The thermogravimetric analysis (TGA) was carried out on a NETZSCH STA 409 PC instrument under purified nitrogen gas flow with a 10 C min À1 heating rate. UVeVis spectra were obtained with a JASCO V-570 . Atomic force microscopy (AFM) was performed using Multimode 8 atomic force microscope in tapping mode. The transmission electron microscopy (TEM) investigation was performed on Philips Technical G 2 F20 at 200 kV. The specimen for TEM measurement was prepared by spin casting the blend solution on ITO/PEDOT:PSS substrate, then floating the film on a water surface, and transferring to TEM grids. Grazing incidence X-ray diffraction (GIXD) characterization of the thin films was performed at beamline 7. array. The X-ray energy is 10 keV. The samples were~15 mm long in the direction of the beam path, and the detector was located at a distance of 320 mm from the sample center (distance calibrated using a silver behenet standard). The incidence angle of 0.18 was chosen which gave the optimized signal-to-background ratio. Thin film samples were prepared on PEDOT:PSS covered silicon wafers to match the device conditions. The data was processed and analyzed using Nika software package. Space charge limited current (SCLC) mobility was measured using a diode configuration of ITO/PEDOT:PSS/donor:PC 71 BM/Au for hole by taking the dark current density in the range of 0e6 V and fitting the results to a space charge limited form, where SCLC equation is described by:
where J is the current density, L is the film thickness of the active layer, m 0 is the hole mobility, ε r is the relative dielectric constant of the transport medium, ε 0 is the permittivity of free space (8.85
is the internal voltage in the device, where V appl is the applied voltage to the device and V bi is the built-in voltage due to the relative work function difference of the two electrodes.
Fabrication of organic solar cells
The devices were fabricated with a structure of glass/ITO/ PEDOT:PSS/donor:acceptor/PrC 60 MA/Al. The ITO-coated glass substrates were cleaned by ultrasonic treatment in detergent, deionized water, acetone, and isopropyl alcohol under ultra-sonication for 15 min each and subsequently dried by a nitrogen blow. A thin layer of PEDOT:PSS (Clevios P VP AI 4083, filtered at 0.45 mm) was spin-coated at 3000 rpm onto ITO surface. After baked at 150 C for 20 min, the substrates were transferred into an argon-filled glove box. All blend solutions of donor and PC 71 BM were stirred overnight. Specially, DRSBDTT-EH/PC 71 BM solution was heated at 50 C for 0.5 h before spin-coating. The substrates were placed in a glass petri dish containing 150 uL CS 2 for 1 min for solvent vapor annealing (SVA). Then the substrates were removed. And PrC 60 MA solution (0.2 mg/ml, dissolved in methanol) was spin-coated at 3000 rpm. Finally, 80 nm Al layer were deposited under high vacuum (<2 Â 10 À4 Pa). The effective areas of cells were 4 mm 2 defined by shadow masks. The current density-voltage (J-V) curves of photovoltaic devices were obtained by a Keithley 2400 sourcemeasure unit. All masked and unmasked tests gave consistent results with relative errors within 5%. The photocurrent was measured under illumination simulated AM 1.5G (100 mW cm À2 ) irradiation using an Oriel 96000 solar simulator, calibrated with a standard Si solar cell. The average PCE was obtained using 20 devices under the same conditions. External quantum efficiencies were measured using Stanford Research Systems SR810 lock-in amplifier. The thickness of the active layers in the photovoltaic devices was measured on a Veeco Dektak 150 profilometer. 
Results and discussion
Synthesis and thermal property
The synthetic procedures for DRSBDTT-EH and DRSBDTT-BO are presented in Scheme 2. These two molecules were synthesized through typical Stille Coupling and Knoevenagel condensation reactions and their structures had been characterized by NMR spectroscopy, mass spectrometry and etc. Thermogravimetric analysis (TGA) suggests that both of two materials show good thermal stability with a 5% weight loss (T d ) occurring over 395 C under nitrogen atmosphere (Fig. S1 ). , respectively. In the solid state, the spectra are broadened and red-shifted by 80 nm relative to their corresponding solution absorption spectra. More pronounced vibronic structures (589 nm, 638 nm) showed up at the longer wavelength as an indicator of ordered structures in the thin films of the two molecules and their shapes are almost identical, indicating that the bulkiness of side chains has very little effect on the molecular packing. Two compounds possess similar optical band gaps of 1.71 and 1.73 eV, respectively, deduced from the onset of the thin film absorption. Cyclic voltammetry measurement in dichloromethane solution and internally calibrating using the ferrocene/ferrocenium of the (Fc/Fc þ ) redox couple were conducted to investigate the energy levels (Fig. S2) . The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) calculated from the onset oxidation and reduction potentials, are À5.06 and À3.33 eV for DRSBDTT-EH and À5.03 and À3.23 eV for DRSBDTT-BO, respectively. The above data show that the length of alkylthiol substituted onto BDTT core has negligible influence on the basic physical properties of these two materials.
Optical properties and electrochemical properties
Photovoltaic performance
Two small molecules as the electron donors were mixed with PC 71 BM and integrated into solution-processed OPVs with a conventional device structure of ITO/PEDOT:PSS/donor:acceptor/ PrC 60 MA/Al. PrC 60 MA is an efficient interfacial layer for cathodes developed by Alex K.-Y [43] . The details of device fabrication, measurements and optimization progress for two molecules were described in ESI. Without any treatment, DRSBDTT-EH:PC 71 BM (1:0.8 w/w) devices gave a moderate PCE of 7.26%, with an open circuit voltage (V oc ) of 0.941 V, a short circuit current (J sc ) of 12.61 mA cm À2 , and a fill factor (FF) of 61.2%. After solvent vapor annealing (SVA) treatment with CS 2 , the performance was significantly improved to 8.78%, with V oc ¼ 0.906 V, J sc ¼ 13.38 mA cm À2 , and FF ¼ 72.5%, which was ascribed to the enhanced absorption, increased phase separation and finely tuned morphology as indicated from the UVeVis absorption, AFM and TEM images of the blend films with/without SVA respectively in SI [44] . For DRSBDTT-BO, a slightly low PCE of 6.90% was achieved for the as-cast devices but a better PCE of 8.53% was obtained for device with SVA treatment. For comparison, the current density-voltage (J-V) curves of the optimal devices based on two molecules were presented in Fig. 2 and the corresponding photovoltaic parameters are summarized in Table 1 . As shown in Table 1 , DRSBDTT-EH and DRSBDTT-BO showed similar performances, as expected from their chemical structure. It is worth noting that DRSBDTT-BO based devices have better reproducibility than that of DRSBDTT-EH due to the better solubility of the former in chloroform. When comparing to alkylthiol-BDT analogue molecule DR3TSBDT, a slightly reduction in V oc is observed, which is on the contrary to the PTB7/PTB7-Th evolution, showing that signature of molecular design in polymer differs from that in small molecules. In order to investigate the effect of side chain length on the device performance, UVeVis absorption spectra of the optimized blend films of the two molecules and the external quantum efficiency (EQE) were measured. As shown in Fig. 3a , the absorbance across the wavelength range of 300e650 nm of DRSBDTT-EH blend film is relatively higher than that of DRSBDTT-BO. As illustrated from the EQE curves (Fig. 3b) , DRSBDTT-EH-based device bearing shorter side chain possessed higher EQE from 430 to 600 nm, which is consistent with the UVeVis absorption spectra of blend film. The calculated J sc obtained by integration of the EQE curve are 12.80 and 12.46 mA cm À2 for the DRSBDTT-EH and DRSBDTT-BO based optimized devices respectively. They are within 5% mismatch compared with the J sc values obtained from the J-V curves.
To better understand the effect of the side chains on the photovoltaic performance, AFM and TEM were employed to study the morphology of the active layer. From AFM measurement (Fig. S5) , the two molecules based optimized blend films with PC 71 BM were all smooth and uniform with small root-mean-square (RMS) roughnesss of 1.57 and 1.12 nm, respectively. From TEM (Fig. S6) , similar bi-continuous and interpenetrating network were observed for both molecules based blend films. GIXD was employed to further investigate structural order of the blend films. As depicted in Fig. 4a and b, both molecules exhibit good structure order, showing high orders of (h00) reflections along the q z direction, indicating a preferred edge-on orientation with good crystallinity. From Table 2 , these two molecules have similar p-p stacking distance, suggesting the alkyl length has a little effect on the molecule p-p stacking, which is consistent with the UVeVis absorption results. The lamellar staking distance of DRSBDTT-EH:PC 71 BM is 19.59 Å, which is smaller than that of DRSBDTT-BO (21.16 Å). The Scherrer equation correlation length of the lamellar stacking in the optimized DRSBDTT-EH blend (176 Å) is larger than DRSBDTT-BO blend (149 Å), suggesting that DRSBDTT-EH has longer range order than DRSBDTT-BO. The GIXD result is consistent with the hole mobility results measured by space-charge-limited current (SCLC) method (Fig. S8) . The optimized DRSBDTT-EH based device gave hole mobility with a value of 5.45 Â 10 À4 cm 2 V À1 s
À1
, which is larger than that of DRSBDTT-BO based device (2.95 Â 10 À4 cm 2 V À1 s À1 ). However, the device performance for these two molecules are poorer than their analogue molecule DR3TSBDT, which are attributed to their weak absorption and relatively poorer morphologies compared with DR3TSBDT [39] .
Conclusions
In conclusion, two new donor materials DRSBDTT-BO and DRSBDTT-EH with alkylthiothienyl substituted BDT as central unit and 3-ethylrhodanine as end groups have been designed for solution processed organic solar cells. It has been found that the EH and BO alkylthio chain length had nearly no influence on the molecular absorptions and energy levels. Though DRSBDTT-EH packed closer in (100) direction, it has no obvious effect on its electronic properties and device performance. The device performances of the two molecules are slightly inferior compared to that of alkylthiol-BDT analogue molecule DR3TSBDT, which comes from detailed morphological issues, requiring efforts in further investigation. 
